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Abstract. When highly concentrated, an antibody solution can exhibit unusual be-
haviors, which can lead to unwanted properties, such as increased levels of protein
aggregation and unusually high viscosity. Molecular modeling, along with many
indirect biophysical measurements, has suggested that the cause for these phenom-
ena can be due to short range electrostatic and/or hydrophobic protein–protein
interactions. Hydrogen/deuterium exchange mass spectrometry (HDX-MS) is a use-
ful tool for investigating protein conformation, dynamics, and interactions. However,
Btraditional^ continuous dilution labeling HDX-MS experiments have limited utility for
the direct analysis of solutions with high concentrations of protein. Here, we present a
dialysis-based HDX-MS (di-HDX-MS) method as an alternative HDX-MS labeling

format, which takes advantage of passive dialysis rather than the classic dilution workflow. We applied this
approach to a highly concentrated antibody solution without dilution or significant sample manipulation, prior to
analysis. Such a method could pave the way for a deeper understanding of the unusual behavior of proteins at
high concentrations, which is highly relevant for development of biopharmaceuticals in industry.
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Introduction

Certain clinical indications require delivery of high doses of
the drug (i.e., several mg/kg) to achieve the desired bio-

availability and efficacy [1, 2]. When delivered intravenously,
large doses of dilute biopharmaceuticals can require very long
administration times (up to several hours), and often must be
administered several times per month. Such a mode of drug
delivery typically necessitates multiple visits to a hospital or a
doctor’s office, which can be a significant burden to the patient
and healthcare providers in terms of time, money, and re-
sources. To reduce cost and enable greater patient convenience
and comfort, alternative routes of administration are often
preferable, such as patient self-administration via subcutaneous

(SC) injection. SC injection, however, is faced with its own
limitations. The maximum amount of medication that can be
reasonably injected subcutaneously is approximately 1.0 to 1.5
mL. Thus, for antibody biopharmaceuticals, where doses of up
to several mg/kg body weight is often desirable, highly con-
centrated solutions (up to several hundreds of mg/mL) may be
required to deliver the necessary dose. At high concentrations,
protein solutions (in the range of ≥100 mg/mL) can exhibit
unwanted properties, such as increased levels of aggregation
and viscosity levels that exceed the mechanical limits of syrin-
ges and autoinjector devices to deliver the dose [3–6]. As
aggregation and high viscosity can affect biopharmaceutical
manufacturing, efficacy, and administration route, it is critical
to understand how and why these phenomena occur, in order to
minimize or eliminate them [3, 7, 8]. At present, few tech-
niques exist that can characterize biopharmaceuticals at high
concentration without significant sample manipulation or
dilution.

Hydrogen deuterium exchange mass spectrometry (HDX-
MS) has proven to be a useful tool for investigating protein

Electronic supplementary material The online version of this article (doi:10.
1007/s13361-015-1331-7) contains supplementary material, which is available
to authorized users.

Correspondence to: Damian Houde; e-mail: damian.houde@biogen.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-015-1331-7&domain=pdf
http://dx.doi.org/10.1007/s13361-015-1331-7
http://dx.doi.org/10.1007/s13361-015-1331-7


conformation, dynamics, and interactions [9, 10]. However, a
traditional continuous dilution labeling HDX-MS experiment
has inherently limited utility for the direct analysis of proteins
in high concentration solutions because it requires diluting the
protein sample into the same buffer containing deuterium (i.e.,
D2O instead of H2O). HDX analysis is typically initiated with a
5- to 20-fold (or greater) dilution. Thus, if a 200 mg/mL sample
is to be studied, the sample’s exchange behavior at equilibrium
can realistically be evaluated only at concentrations in the
range between 10 to 40 mg/mL (depending on the dilution),
which could negate particular high concentration effects that
one wishes to measure. As a result, the use of traditional HDX
labeling formats cannot be used to investigate proteins in
highly concentrated solutions. Since formulating antibodies at
very high concentrations is of great relevance in the biophar-
maceutical industry, there is a need for novel and customized
workflows for characterizing the higher order structure of
proteins in order to address this gap.

In a recent study, Arora et al. used HDX-MS to study an
antibody at concentrations as high as 60 mg/mL using an HDX
labeling format that involved the reconstitution of a lyophilized
antibody with deuterium oxide (D2O) instead of water (H2O)
[11]. Lyophilization as a sample preparation step for HDX-MS
could theoretically be performed at any protein concentration
and is a dilution-free process. However, there are practical
limitations that can preclude its applicability in preparing phar-
maceutically relevant, highly concentrated solutions for use in
HDX-MS experiments, such as the introduction of unwanted
protein stresses, changes in reconstitution time, variations in
viscosity, etc. [12–17]. Nevertheless, many of these challenges
may be solved using alternative lyophilization strategies and
protocols, but the success of this approach will depend on the
protein and its specific formulation. Lyophilization is a good
strategy for HDX labeling, but many biopharmaceuticals are
formulated in solution and lyophilization is often not possible
and/or desirable. Therefore, a dilution-free solution-to-solution
based buffer exchange format (i.e., begin and end with a
protein solution without altering concentration) is desirable
for HDX-MS analyses of pharmaceutically relevant highly
concentrated protein solutions.

Many different solution-based buffer exchange formats ex-
ist, such as ultrafiltration, size exclusion chromatography
(SEC), solid phase extraction (SPE), and ion-exchange spin-
filters, but these techniques change the concentration of the
protein by either dilution or up-concentration. Since our goal is
to perform HDX labeling on highly concentrated proteins in a
simple format that does not significantly alter the concentration
of the protein during labeling, these approaches were not viable
options. Astorga-Wells et al. reported an alternative dilution-
free HDX labeling strategy that employs a custom-designed
on-line microchip setup based on an ion-selective membrane
for buffer exchange and HDX labeling [18]. Although their
technique is capable of avoiding sample dilution effects, the
system is not commercially available and we were not certain
how samples with high viscosity would behave. Hence, we
pursued a simpler approach. In this work, we have used HDX-

MS to investigate conformation and dynamics of proteins in an
equilibrated solution at high concentrations (i.e., ≥200 mg/mL)
with no dilution of the sample. We achieved this by developing
an alternative HDX-MS labeling format that utilizes passive
dialysis microcassettes for HDX labeling. In order to assess the
feasibility of this approach, we analyzed and compared a
recombinant immunoglobulin gamma 4 (IgG4) monoclonal
antibody (mAb1) at high and low concentrations (3 versus
200 mg/mL). The results obtained from analysis of mAb1,
along with the experimental setup and specific features of the
method, are presented in this paper. This methodology can be
used to provide critical insight into the unusual behavior of
proteins at high concentrations.

Materials and Methods
Reagents and Antibodies

All chemicals and reagents were purchased from Sigma-Al-
drich, unless otherwise noted. Deuterium oxide was purchased
from Cambridge Isotope labs (Tewksbury, MA, USA) and tris
(2-carboxyethyl) phosphine (TCEP) was purchased from Life
Technologies (Thermo Fisher, Waltham, MA, USA). The re-
combinant monoclonal antibody (mAb) used in this work is an
immunoglobulin gamma 4 (IgG4) and was expressed in Chi-
nese hamster ovary (CHO) cells and purified at Biogen (Cam-
bridge, MA, USA). The mAb used throughout this experiment
is named mAb1 and was formulated into 50 mM sodium
phosphate, 100 mMNaCl, pH 6.0 (PBS pH 6.0). Samples were
concentrated to a maximum concentration of 225 mg/mL and
diluted where necessary.

Continuous Dilution Labeling Hydrogen Deuterium
Exchange Mass Spectrometry (HDX-MS)

Continuous labeling experiments via dilution (10 s to 14 h)
were carried out as previously described [19]. Briefly, the
mAb sample was incubated in deuterated buffer (pD 5.6)
for various amounts of time at both 4 and 25 °C. HDX
reactions were quenched by addition of 1:1 (v:v) quench
buffer (7 M Guanidine HCl (GnHCl), 0.1 M citrate (pH
2.4), and 0.2 M TCEP). The samples were quickly
vortexed for 30 s and immediately flash-frozen at –80 °C
in liquid nitrogen until analysis. Frozen samples were
rapidly thawed and diluted again 1:1 (v:v) with 0.1%
formic acid prior to injection. Labeled samples were
injected into a Waters nanoACQUITY with HDX Technol-
ogy (Waters Corporation, Milford, MA, USA), which was
held at 0.1 °C during the measurements. The protein was
digested online using an immobilized pepsin cartridge
(Waters Corporation) and peptides separated with a 9 min
acetonitrile gradient at a flow of 40 μL/min. The separation
column used was a 1.0×100.0 mm ACQUITY UPLC C18
T3 (Waters Corporation) packed with 1.7 μm particles.
Deuterium levels were reported as relative deuterium in-
corporation [9]. All experiments were performed in
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triplicate measurements. To eliminate peptide carryover, an
optimized wash solution of 3 M GnHCl, 3% formic acid,
and 3% acetonitrile was injected after each run [20]. Mass
spectra were obtained with a Waters Synapt G2S TOF
equipped with standard ESI source (Waters Corporation).
The mass spectra and resulting relative deuterium levels
were automatically processed and plotted with the software
DynamX 3.0 (Waters Corporation). Identification of the
peptic fragments was accomplished through a combination
of exact mass analysis and MSE using Identity Software
(Waters Corporation) [21].

Dialysis-Based Labeling Hydrogen Deuterium Ex-
change Mass Spectrometry (di-HDX-MS)

Dialysis labeling was performed at 4 °C under the following
conditions: 200 to 250 μL of sample was placed into a 20 kDa
molecular weight cutoff (MWCO) Slide-A-Lyzer mini dialysis
device with a 0.25 mL maximum volume (ThermoFischer
Scientific). A small (5 × 2 mm PTFE, Teflon) stir bar
(ThermoFisher Scientific) was placed inside of the microdial-
ysis cartridge and the microdialysis cartridge was then placed
into a 2–4 L beaker containing 1 L of 99.99% deuterated PBS
buffer (pD 5.6), as shown in the diagram in Figure 1. Passive
dialysis was performed for 3 to 24 h before the sample was
removed and quenched with 7 M GnHCl, 0.1 M citrate (pH
2.4), and 0.2 M TCEP. Upon equilibrium, the dialysis condi-
tions resulted in approximately a 4000- to 5000-fold labeling
excess of deuterium. The sample was then quickly vortexed for
30 s and immediately flash-frozen at –80 °C with liquid nitro-
gen until analysis. Frozen samples were rapidly thawed and
diluted with 0.1% formic acid prior to injection. The level of
quenching and dilution was determined based on protein

concentration. Protein digestion, peptide identification, separa-
tion, and mass spectrometry analysis were performed as indi-
cated in the above section. Pymol software [22] was used to
map the conformational changes to the crystal structure of an
IgG1 antibody (PDB id: 1hzh).

Results and Discussion
Dialysis HDX Labeling Setup

The HDX labeling procedure was set up as shown in Figure 1.
HDX was performed using microdialysis cartridges (250 μL
maximum volume) placed into 1 L of deuterated buffer, which
was continuously stirred at 600 rpm (speed will depend on stir
plate and stir bar used). Dialysis was performed in a cold room
at 4 °C for 3 to 24 h. For this experiment, two stir bars were
used. The first was a standard 1-inch Teflon stir bar, which was
placed into the 2–4 L beaker containing 1 L of deuterated PBS
buffer. The second was a micro (5 × 2 mm) Teflon stir bar and
was placed inside the microdialysis cartridge. Since many of
the samples will be highly concentrated and may be viscous, it
was necessary to place a stir bar into the microdialysis cartridge
as well to ensure that the solution could properly equilibrate
with the labeling buffer. The micro stir bar also helped the
dialysis to reach equilibrium faster and samples could be la-
beled and analyzed after 1 h (these results will be published in
forthcoming work); however, for the current experiments, the
earliest HDX dialysis labeling time was 3 h. An important
consideration for the micro stir bar is the fill height of the
labeling solution from the stirring plate (shown in Figure 1).
If the micro dialysis cartridge lies too high above the stirring
plate, the micro stir bar will not move. Thus, it is essential to
optimize the distance; the micro stir bar was placed from the
stirring plate (see Video in supplemental information). The use
of a 2 L beaker with 1 L of buffer appeared to provide optimal
dimensions. Alternatively, smaller solution volumes can be
used (e.g., 0.5 L of solution with a 1 L beaker). It should also
be noted that rapid stirring of mAb solutions has been shown to
induce aggregation and particle formation, particularly in high-
ly concentrated protein solutions [23, 24]. Thus, in this study,
the stirring was performed gently (see Video in Supplemental
Information). In addition, the sample was analyzed after
mixing with the stir bar by size-exclusion chromatography
(SEC), microfluidic imaging (MFI), second order derivative
UV spectroscopy, and circular dichroism (CD), and no evi-
dence of increased aggregation, particle formation, or protein
structure alteration was detected (data not shown).

Two different mini dialysis cartridges were also tested, the
20 kDa MWCO Slide-A-Lyzer from ThermoFisher Scientific
and the 12 kDa MWCO Pur-A-Lyzer from Sigma-Aldrich,
both of which come in a variety ofMWCO and volume ranges.
While both dialysis cassettes work, for ease of use and avail-
ability, the Slide-A-Lyzer cassette was selected. There are
many additional microdialysis, filtration, and buffer exchang-
ing techniques and products available, which we did not ex-
plore. The products used in this work were selected because we

Figure 1. Schematic illustration of the dialysis-based HDX-MS
experiment used for the analysis of proteins in highly concen-
trated solutions. Protein sample is placed inside a microdialysis
cartridge, and submerged in a 2–4 L beaker containing D2O
buffer. HDX reaction is performed based on passive dialysis
and after certain time points sample is quenched and injected to
UPLC-MS system
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were not sample-limited and the aim was simply to verify the
applicability of the dialysis HDX-MS approach.

Direct Comparison of the Dilution and Dialysis
HDX Labeling Formats

In order to assess the viability of the dialysis HDX labeling
approach, and to learn how this approach compares with the
classical dilution labeling procedure, a head-to-head compari-
son was performed on mAb1 as follows. A 3 mg/mL stock
solution of mAb1 was prepared and labeled at 4 °C by both
dilution and dialysis HDX methods. This stock solution was
then diluted approximately 15-fold in deuterated PBS buffer
and incubated for 180, 360, and 840 min before quenching. For
direct comparison against the dialysis labeling method, mAb1
was also diluted 15-fold in PBS buffer (no deuterium) to mimic
the conditions experienced by the dilution method, and the
sample was then placed into the minidialysis cartridge and
labeled at 4 °C for 180, 360, and 840 min before quenching.
This dilution step ofmAb1 in dialysis workflowwas performed
to maintain a consistent concentration of labeled protein be-
tween both dilution and dialysis labeling formats. In total, more

than 100 heavy chain (HC) and light chain (LC) peptides were
identified and their deuterium levels were followed. The cor-
responding peptide coverage map is shown in the Supporting
Information, Figure S1. Results of head-to-head comparison
between dilution and dialysis formats are shown in Figure 2,
where four representative mAb1 peptides were selected, two
from the HC: residues 4-10 and 244-254; and two from the LC:
residues 4-11, and residues 49-72. The data indicate that label-
ing by dialysis is equivalent to labeling by dilution, meaning
that the rate of deuterium uptake follows a similar pattern in
both labeling formats, as deduced from the red and blue traces
in Figure 2. Most of the peptides in both HC and LC exhibited
similar rates and extent of HDX, although several peptides
showed slightly higher deuterium incorporation in the dialysis
labeling (see Figure 2b). This is likely due to the fact that the
dilution approach utilized approximately 15-fold labeling excess
in D2O, whereas the dialysis labeling approach contained several
thousand-fold excess of D2O in the beaker. Interestingly, even
though the dialysis labeling format required extended labeling
times (i.e., >3 h), the low temperature conditions slowed the
chemical rate of HDX and the dynamics of the protein enough
that some of the temporal aspects of labeling at 4 °C (i.e.,

Figure 2. Relative deuterium uptake plots for four representative mAb1 peptides using two HDX approaches [dilution (red) and
dialysis (blue)] at 4 °C. (a) Residues 244-254 from the Heavy Chain (HC), (b) residues 4-10 from the HC, (c) residues 4-11 from the
Light Chain (LC), and (d) residues 49-72 from the Light Chain (LC). The obtained sequence coverage was 98.1% for LC and 88.2%
for HC (see Supporting Information, Figure S1). All experiments were performed in triplicate. The deuterium uptake profile shows
similar trend in both methods
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dynamics) could still be captured, with several peptides showing
incomplete HDX at the first time point (3 h), see Figure 2a.

It should be noted that low temperature HDX is not a require-
ment for this method; the analysis can be performed at any
temperature. Furthermore, since the dialysis and dilutionmethods
are performed differently (experimentally), the data from the
dialysis HDX labeling procedure should only qualitatively re-
semble that from the dilution procedure. The main objective of
these experiments is to compare samples labeled under similar
conditions, thus all comparisons are relative. The data (whether it
is from dialysis or dilution labeling procedures) simply needs to
be reliable and robust within the given format, and this is evident
from the replicate measurements performed (n = 3).

Preliminary Investigation of mAb Conformation,
Dynamics, and Interactions at High Versus Low
Concentration (Constant Mass Load)

The dialysis HDX labeling method was used to analyze the effect
of high concentration on the conformation and dynamics of

mAb1. mAb1 is an IgG4 with a molecular weight of approxi-
mately 148 kDa and a pI of 7.7. At high concentrations, mAb1
exhibits relatively high viscosity, approximately 50 cP at 200mg/
mL (see Supporting Information Figure S2). We expected that
deuterium incorporation into the mAb upon labeling would not
affect its viscosity. However, the viscosities of H2O and D2O are
different (1.00 and 1.25 cP, respectively). Therefore, to confirm
this we labeled mAb1 for 2 d by dialysis-HDX at ambient
temperature and measured and compared the viscosity of the
deuterated mAb1 solution at increasing concentrations to that of
the undeuterated mAb1. As expected, the viscosity of the fully
deuterated sample was comparable to the undeuterated sample at
25 °C (Supporting Information Figure S2). The increase in vis-
cosity of mAb1 from 3 to 200 mg/mL was also not expected to
influence the chemical HDX rate (kch) because it has been
demonstrated in previous publications that decreased water activ-
ity and increased solution viscosity both had a negligible effect on
HDX [25–27]. Thus, we assumed that a direct comparison could
be made between the HDX-MS data acquired for mAb1 at 3 and
200 mg/mL concentration.

Figure 3. The butterfly plot of a set of >100 peptides identified in mAb1. (a) The deuterium contents were measured in both the 3
and 200 mg/mL samples and with labeling times of 5 h and 24 h, with the 3 mg/mL data on the top and the 200 mg/mL data on the
bottom. The x-axis represents the peptides and the y-axis is the relative fractional exchange (e.g., a value of 0.5 relative fractional
exchange corresponds to 50% exchanged). (b) The deuterium uptake data from the 3 mg/mL sample was subtracted from the data
for 200 mg/mL sample in order to create a difference plot
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As the next step, dialysis HDX-MS experiments were per-
formed on mAb1 at 3 and 200 mg/mL to elucidate what
differences could be detected in deuterium uptake profile of
lower and higher concentrations. The HDX labeling was con-
ducted at 4 °C (to lower the kch for the HDX reaction) and
performed for 5 and 24 h, using the dialysis labeling approach
as described earlier. After the allotted time, the samples were
quenched and diluted such that the total on-column load was
similar for all samples with a 100 μL injection volume. For the
3 mg/mL sample, 2 μL of sample was labeled or diluted with
25 μL of buffer. The sample was then quenched with 27 μL of
quench buffer and quickly diluted 1:1 with 54 μL of 0.1%
formic acid before injection. The time used to quench and
dilute was carefully maintained to 1 min before injection, to
ensure consistency in all samples. The total amount of injected
protein was 5.6 μg; however, since there is always a small
volume of sample (roughly 5 μL) that does not reach the
column (due to sample fittings and line connections prior to
the sample loop), we assume that the total amount of protein
injected is approximately 5 μg. For the 200 mg/mL sample, the
dilutions were scaled accordingly to ensure that the approxi-
mate amount of 5 μg of protein was injected and reached the
column in a volume of 100 μL. Labeling of the 200 mg/mL
sample required significant dilution to maintain 5 μg in 100 μL
of injected sample; nevertheless, increased back-exchange was
not observed (details associated with these experiments will be
described in in forthcoming work).

In total, >100 peptides were reproducibly identified and
their deuterium content was measured for both the 3 and 200
mg/mL samples (see Supporting Information Figure S1 for the
coverage map). All of the HDX data was plotted onto a single
butterfly graph (the details associated with this representation
are described elsewhere [28]), with the 3mg/mL data on the top
and the 200 mg/mL data on the bottom (Figure 3a). In Figure
3a, the x-axis represents all of the peptidesmonitored and the y-
axis is the relative fractional exchange (e.g., a value of 0.5
relative fractional exchange corresponds to 50% exchanged).
Such a representation allows one to view the temporal or
dynamic aspect of the protein in different states at the same
time and to identify the regions in the protein structure that
exchange very little and those that exchange more readily.

The deuterium uptake data from the low and highly con-
centrated samples was then subtracted in order to create an
HDX difference plot (Figure 3b). In this plot, the difference is
represented as an absolute mass difference, which is expressed
in Da. If no difference exists between the samples, all points
should have a y-axis value of zero (or close to zero, within the
preset threshold, which for these data is ±0.6 Da, based on
replicate injections). At the 5-h time point, most of the HDX
data is comparable between 3 and 200 mg/mL samples, sug-
gesting that the overall conformational dynamics of the mAb is
similar in both concentrations during the 5-h labeling period.
Only one peptide in both HC and LC was observed to have a
significant difference at 5 h of exchange, HC peptide 322-336
(shown in Figure 4a). However, more significant differences
were observed at 24 h of exchange, with more than 40% of the

entire mAb1 protein affected, see Table 1. The difference plot
(Figure 3b) shows that most of the peptides in 3 mg/mL
solution have a positive difference value, which implies that
the 3 mg/mL sample contains a greater level of deuterium
relative to the 200 mg/mL sample.

Figure 4. (a) The difference in HDX mapped to a homology
model (based on PDB: 1HZH) of mAb1 at 24 h HDX labeling
time point. Differences associated with the HC and LC are
shown in red and blue spheres, respectively. (b) Regions with
≥10% difference, (c) regions with between 11% and 15% dif-
ference, (d) regions with >15% difference, and (e) regions with
>20% relative deuterium change are demonstrated. Differences
were detected in both the Fab and Fc and in both HC and LC
however, the region most significantly affected is the Fc region

Table 1. Relative Differences in HDX Observed Between mAb1 at 3 and 200
mg/mL with 24-h labeling at 4 °C

mAb1 All peptides with differences
> 1 Da

All peptides with differences
> 10%

Relative effect Relative effect

LC 59% 45%
HC 31% 21%
Total 40% 29%
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These data can also be depicted as a relative percent change
on a representative protein structure (Figure 4). The difference
in HDXwas mapped to a homology model of mAb1 built from
PDB: 1HZH. In Figure 4, mAb1 is shown as a grey cartoon
structure where the differences in deuterium uptake in the HC
and LC are shown in red and blue spheres, respectively. Those
regions with a change in the relative deuterium incorporation
between the 3 and 200 mg/mL sample ≥10% are shown in
Figure 4b, those with a change between 11% and 15% are
shown in Figure 4c, those with >15% change are shown in
Figure 4d, and those with a >20% change are shown in
Figure 4e. Differences were detected in both the Fab and Fc
and in both HC and LC; however, we found that the Fc region
was most significantly affected. These observations indicate
that the level of deuterium incorporation decreased with an
increase in concentration, suggesting a change in the mAbs
dynamic behavior.

Several explanations present themselves for the observed
local reductions in dynamics of the mAb in the higher concen-
tration sample. One possibility is that the regions of mAb1
protected from HDX at high protein concentration are directly
involved in specific intermolecular interactions with neighbor-
ing mAb1 molecules and such interactions shield these regions
from exchange or stabilize existing hydrogen bonding net-
works. A second possibility is that the elevated concentration
results in crowding effects, which could influence how neigh-
boring proteins interact and/or alter the free motion of individ-
ual mAb1 domains, essentially Btightening^ or Bloosening^ the
mAbs inter-domain motions. A third possibility is that a com-
bination of these phenomena plays a role in altering dynamics
of the protein at high concentrations. It is possible that the time
scale for this experiment may be too long to observe and/or
distinguish between any of the phenomena mentioned above.
Nevertheless, changes in HDX in the EX2 time regime, which
constitutes a shift in the average hydrogen bonding status of the
equilibrium ensemble of protein molecules in solution, have
been reproducibly observed between proteins/ligands that bind
very weakly (i.e., Kd in the high μM to low mM range) [29]. It
is also worth noting that no crowding and/or viscosity-induced
unfolding was observed, which would be an important marker
for aggregation propensity in biopharmaceutical formulations
(though admittedly not a precondition for aggregation).

Unfortunately, HDX-MS (in general) is not able to unequiv-
ocally map interaction sites, but rather, in this work, maps sites
with perturbed dynamics, between mAb molecules at high
concentration. Regardless of the specific mechanism(s) in-
volved, the changes we observe at relatively long labeling
times indicate (reproducibly) that even very stable hydrogen
bonds of the mAb are perturbed by Bconcentration effects.^
Hence, we are convinced that such information provides a
unique direct measure of the conformational impact of the
sum of high concentration effects occurring in solution. In
combination with other orthogonal biophysical measurements,
HDX-MS measurements can likely be very useful in under-
standing the causes of high viscosity in highly concentrated
samples. Future work will continue to develop the dialysis

HDX-MS approach, and more insights can likely be gained
by comparison of a wider selection of different yet related
mAbs.

Conclusion
Classical continuous HDX labeling via dilution is not applica-
ble in analysis of highly concentrated protein solutions (i.e., ≥
approximately 40 mg/mL). Although there are alternative la-
beling formats (i.e., by dilution of lyophilized product [11]), we
were interested in labeling a highly concentrated protein in an
equilibrated solution state with minimal sample manipulation.
This was achieved with the development of a dialysis HDX
labeling format using minidialysis cartridges, at lower labeling
temperatures (although lower temperatures may not be neces-
sary), and longer labeling times (hours, to accommodate the
time needed for dialysis to reach equilibrium). The dilution and
dialysis HDX labeling formats were compared and were shown
to be similar at low temperature labeling.We also demonstrated
that while the labeling times were significantly longer, HDX
kinetics and dynamics of the protein could still be monitored
reproducibly. Moreover, although further experiments are
needed to optimize the method, HDX labeling by dialysis
appears to show promise in studying proteins at high concen-
trations. In addition to investigating the viability of the dialysis-
HDX method, we also analyzed the effect of increased con-
centration on deuterium uptake profile of an IgG4 mAb
(mAb1) at two different concentrations (3 and 200 mg/mL).
The results from this and our ongoing work may provide
insight and improve our understanding of the behavior of
mAbs at high concentration formulations.
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